Abstract-We have developed a semi-automated method for determining the series resistance profiles of dot capacitors and for obtaining corrected oxide fields at breakdown. This method is based upon a least-squares-fit of IV data, obtained from a voltage-ramp test, to the FowlerNordheim leakage model. The profiles provide insight into the general characteristics of series resistance. Certain features of the profiles can be associated with charge trapping and the onset of oxide breakdown.
I. Introduction
Monitoring the quality of silicon oxide requires that the oxide field at breakdown, Ebd, be reliably determined for the test structures in question. However, series resistance in the test structures can yield values of Ebd that are excessively high and this effect can prevent the proper characterization of the oxides.
Series resistance effects have been noted in highfrequency capacitance-voltage (HFCV) testing, and methods of analysis have been developed for determining the effects on the data obtained [l, 21. Series resistance effects are perhaps most familiar in Vramp testing, in which a ramped stressing voltage is applied to the oxide until breakdown is detected (by JEDEC or ASTM criteria), or until a preset maximum current ("compliance") has been attained [3-71. The focus of this paper will be on the second type of test.
We routinely test oxide monitor lots, each consisting of eight 6-inch dot capacitor wafers with oxide thicknesses of about 12 nm. Each wafer is processed in a different vertical thermal reactor (VTR) and serves to monitor that VTR for the presence of contaminants. The IV data obtained during Vramp testing show evidence of series resistance. This appears as a leveling or flattening of the IV curve before the test algorithm detects breakdown. Figure 1 illustrates this, with the measured current (Imeas) shown in the bold line and the "ideal" or FowlerNordheim tunneling current (Ihat) shown in the thin line. The latter was obtained using the method described below. Both are plotted versus the measured stressing voltage.
Note that the two curves match very closely in the range of about 8 V to 14 V. This corresponds to the region of the curve that is dominated by FN leakage. The region below 8 V is dominated by noise in the current measuring apparatus. The region above 14 V is dominated by series resistance and its tendency to "clamp" the leakage current. The departure of the bold line from the thin line is interpreted as being caused by series resistance in the test structure. This is indicated by the bold arrow in the plot, which represents the voltage, VSelieb, across that resistance. Series resistance originates with the materials used to form the test structure, and in the liiyout for that test structure. The substrate is the most important source, particularly if the doping concentration is low. The use of polysilicon as the top-side contact can also contribute. Series resistance can be reduced by applying metallization to the back side of the wafer, allowing better electrical contact with the prober circuitry. The use of metal rather than polysilicon for the top-side contact can also reduce the effect [6] .
The characterization of gate oxides with respect to Ebd is nearly universal. Therefore, it is imperative to seek a method of analysis which will result in values of Ebd that have been corrected for the effects of series resistance, Likewise, it is imperative to develop a method for characterizing the entire wafer for series resistance, adding to the list of parameters of general interest for wafer-level reliability testing. This paper will describe an analytical method for determining the series resistance profile of a single gate oxide test site. From the resistance profile it is possible to estimate EI,~ corrections and to obtain a proper characterization of the site. Single-site characterization can be readily extended to wafer-level characterization, in which a wafer map of series resistance can be obtained. The authors are currently pursuing this application.
Purpose
This paper describes a semi-automated method of analyzing and modeling series resistance in gate oxide test structures, It applies to Vramp testing of polysilicon or aluminum dot capacitor structures with oxide thicknesses in the "thin" range, that is, with thicknesses greater than about 4 nm. This specifically excludes "ultra-thin" oxides, as well as any other insulating layers for which Fowler-Nordheim leakage does not dominate for the range of stressing voltages applied.
The method consists of performing a Fowler-Nordheim (FN) least-squares fit routine to an IV data set and estimating the series resistance as a fbnction of applied voltage. The hnction Rsenes(Vapp) is referred to as the series resistance profile, and can be used to estimate the corrected oxide field at breakdown. Examining many such profiles provides insight into the general characteristics of series resistance. It is of particular interest that certain features in the series resistance profile can be associated with the onset of oxide breakdown. This will be discussed in more detail at the end of the paper.
A number of assumptions underlie the analysis presented here. Largely they are based upon the current understanding of leakage current mechanisms in insulators. Some are assumptions made to simplify the analysis required to obtain the series resistance from experimental data:
(1) Fowler-Nordheim (FN) leakage dominates over other types of leakage. This is generally true for oxides in the thickness range being considered and for stressing voltages normally applied to such oxides in a Vramp test [9] .
(2) The test structure is electrically equivalent to an ideal capacitor in series with a resistor. Figure 2 illustrates the equivalent circuit. This is a simplification, because the resistance is actually distributed, in a non-uniform way, across the area of the test structure [6] .
(3) The series resistance depends only upon the leakage current and takes the form of a simple function, R,,,.
In fact it will be seen that Rseries is time-dependent, as well, due to the effects of charge trapping in the oxide. In the Fowler-Nordheim tunneling or leakage regime, the leakage current density, Jf,, resulting from an applied oxide electric field, E,,, is given by the following model:
This model has both a theoretical and an empirical basis.
The Fowler-Nordheim leakage current can be obtained from the leakage current density b y
where A,, is the area of the oxide. The resulting expression for the leakage current in terms of the oxide electric field is then given by:
Ifn(Eox,a,P) = A,, a E, : exp(-P/E,,).
The variables a and P are the Fowler-Nordheim model parameters. Theory indicates that they should be derivable from the following expressions:
Here q is the charge of the electron, h is Planck's constant, @B is the barrier height in eV, and m* is the effective mass of the electron [7] .
The values of a and j3 which are obtained empirically, by fitting the FN model to experimental data, are in general agreement with the theoretical values, but show some departure due to the local field factor. An enhanced version of the theory has been proposed, which has the same general form as the theoretical version [lo] . Thus, the model still takes the same form but the values of a and P are assumed to absorb the field factor, as well as other factors not appearing explicitly in the model.
Empirical values for a and p can be obtained from any set of IV data for which FN behavior is evident and for which a good fit is achievable. The parametric model above is assumed and numerical fitting routines are applied. The values obtained are usually found to be near [ 1 11:
Method of Analysis
The method of analysis being used can be applied to any 1V data set showing the characteristics of FN leakage. The FN model is assumed to apply to the entire voltage range, as long as the current exceeds the noise threshold, IthrePh (typically above lX10-9A). All other effects are assumed to be due to series resistance [3-6,9].
The applied voltage is assumed to be distributed across a leaky capacitor and a series resistor:
In the low-current region (Ih;fthresh) the voltage across the series resistance is negligible, so this reduces to:
where to, is the thickness of the oxide.
By direct substitution, the FN model for the leakage current density, Jfn, can be expressed in terms of the oxide field, Eo, = Vapp/t,,x. The resulting expression can then be modified to take the form:
Defining the variables x = l/Eox and y = In(Jh/Eo2) converts this to the linear expression:
Thus, a least-squares-fit analysis of the IV data will yield estimates of the FN model parameters, a and p. Using these values in the FN model allows the "ideal" IV curve to be plotted along with the actual data.
The process of performing the fit involves the selection of an initial voltage (current) at which the fit is to begin and a final voltage (current) at which the fit is to end. The initial voltage must be chosen so as to correspond to a value of the leakage current which is above the noise threshold, Ithresh.
The final voltage should be chosen to include as many of the IV data pairs as possible, without extending into the region where the actual IV data departs from the FN model. This region is usually evident from the IV plot itself.
The selection of the initial and final voltages, as well as the quality of the fit, can be checked by a visual inspection of the plot of actual and "ideal" data. This is illustrated in Figure 1 , where the bold line (actual data) and thin line ("ideal" data) are plotted together and show very good overlap between about 8 to 14 V.
Most importantly, the quality of the tit can be monitored by checking the value of the coefficient of determination, r2, which is obtained as part of the least-squares-fit routine. This value indicates how well the FN model fits the actual IV data. For a perfect fit the value o f ? should be unity, while for a very good fit it should be greater than 0.9. For the IV data files forming the basis of this report it is often possible to obtain values of r2 that are better than 0.99 and sometimes better than 0.999. At higher currents, the series resistance is no longer negligible, so the FN model must be combined with a series resistance model. The distribution of the applied voltage must then be represented by:
where VSeries is given by:
The latter equation is the defining relationship for series resistance.
With these results in hand, Vserios can be found using: Vserfes = V a p * -tox Eo,), and can be found using:
The corrected value of Ebd is then obtained using:
Note that the leakage current, I,,, and the applied voltage, V,,, are measured directly. The oxide thickness, to,, is assumed to have been obtained independently (typically using HFCV data). The oxide fieldl, E,,, is calculated by numerically inverting the FN model equation for a given value of Jh. The parameters a and p are assumed to have been obtained independently, using the least-squares-fit method for the low-current region, as described earlier.
IV. Evaluation of the Inverse Function
The model for Fowler-Nordheim leakage can be expressed as a function of oxide field, E,,, with two fitting parameters, a and p:
If, = F(EoX;a,j3) = &, a E,,% exp(-P/E,;).
Its corresponding inverse function can be defined by which is also parameterized with respect to a and j3. For a given Ih, it can be evaluated to obtain the corresponding Eop Because of the nature of the function for If,, it is not possible to obtain a closed-form expression for the inverse function C(Ifn;a,j3). Instead, for any given value of the current Ih, an iterative numerical method must be used to obtain the corresponding value of E, , . As a check, this value of E, , can be substituted into the original equation modeling the Fowler-Nordheim leakage current to verify that the original value of Ih is recovered.
Newton's method can be used to numerically evaluating G(I,;a,p). This begins with defining the function:
f(E,,) = A,, a E,? exp(-P/E,J -If,,.
Obtaining the value of Eo, correspondiing to a given value of If, is equivalent to finding E, , such that f(Eo,) equals zero. Newton's method requires the derivative of f(E,,) with respect to E,,: df/dE,, = a (2E,,+P) exp(-P/E,,).
With these two expressions, the numerical iteration can be represented by:
For any given value of E,,, the right-hand side of the relation above is evaluated to obtain the next value of E,,, as indicated by the arrow (t). This iterative method can be applied repeatedly to any degree of convergence desired. In this way the value of the oxide field, E,,, corresponding to a given value of the leakage current, If,, can be obtained for assumed values of the parameters a and p.
An alternative method also uses iteration, but is much simpler to use, because it does not require the derivative. The first step is to define the parameters:
Then the Fowler-Nordheim equation can be written as
This can be transformed to obtain
The iteration is performed on the variable z as follows
for any given value of 5 (or, equivalently, If,), After z converges to its final value, z*, to any specified degree of accuracy, the corresponding value of E,, can be recovered:
V. Results of Analysis
The computer code we have developed to implement this procedure allows the user to perform off-line analysis of the IV data set obtained during Vramp testing on a capacitor test structure. The code provides a series resistance profile and Ebd corrections for the data set. Human oversight and intervention are very useful in screening the data sets and assessing their usefulness for RBerles analysis,
We have examined the IV data files for almost 70 oxide monitor lots with to, = 12 nm. There are eight 6-inch wafers per lot, so the total number of wafers is well over 500 in number. It has been observed that there are three general categories of IV plots to consider, those for which (1) breakdown occurs below Ith,-esh; (2) breakdown above Ithre$h is correctly detected by the algorithm, with no apparent series resistance; and ( 3 ) the current does exceed Ith,,h, but breakdown is not properly detected by the Vramp algorithm, with clear evidence of significant series resistance in the test structure. For the first case, the breakdown is aberrant and no correction is possible. These occurrences are rare. For the second case, the breakdown is "nominal" and no correction is appropriate. These occurrences are fairly common.
It is the third case that is the focus of the analysis presented here. Figure 1 illustrates the effect of series resistance on the IV curve for a wafer (ton = 12 nm) in a typical lot. The bold curve represents the actual test data from a large aluminum dot capacitor on that wafer. The thin curve represents the corresponding "ideal" IV plot that would occur without the effects of series resistance being present. This curve was obtained from the actual data by performing a least-squares fit to the FN model, beginning at Ithresh (1 Xl OF9 A) and extending for a voltage change of about 3 V.
Note that the actual data (bold line) falls short of the "ideal" data (thin line), because at higher currents the applied voltage is distributed across the oxide and the series resistance, as well. Comparing the two curves, and assuming that the discrepancy (illustrated by the bold arrow in Figure 1 ) is caused by series resistance in the test structure, provides the series resistance profile. This can be used to correct the oxide field at breakdown. The mean values and standard deviations of the columns of oxide field values appear at the bottom of the table. The mean is adjusted from just above 12 MVlcm to just above 10 MV/cm, while the standard deviation is adjusted from 4 MVicm to almost 2 MVicm. Thus, the Ebd correction process tends to shift the distribution downwards, as expected, but also tends to tighten the distribution, as well.
A very high quality oxide would be expected to have a value of Ebd higher than 10 MVlcm. However, the oxides being tested for this study did not begin as "prime" wafers, because they are produced for the purpose of monitoring VTRs for the presence of contaminants.
As a rule, the characteristic Ebd values for all such monitor wafers are comparable to the ones indicated above. The method for correcting breakdown voltage and field gives results which are consistent with direct observations of the IV plots and which yields values of oxide field that fit a much tighter distribution.
The series resistance profiles are interesting in their own right. Figure 3 illustrates two profiles (for wafers 2 and 8) from the lot being considered. In general it has been observed that RSeries initially increases with applied voltage, usually in a ramp-like fashion. It then attains a maximum value, which generally occurs before the breakdown voltage is reached. The maximum value of Rseriesr which is in the range of 150-200 ohms for the two curves in Figure 3 , could be regarded as a characteristic series resistance for the test structures in question. However, as noted above, it generally occurs before breakdown voltage is attained. Therefore, it is not the value used for correcting the value of E,, at breakdown.
Another observation pertaining to the maximum value of Rseries has an interesting implication. This maximum generally occurs just before the voltage at breakdown is attained. It could therefore be considered a precursor to oxide failure. This is likewise suggested by numerous other test results for similar test structures. Whether this is of any practical value for a capacitor which is a component in a complex circuit remains to be seen..
After the value of RSeries reaches a maximum, it then begins to decrease rapidly. This coincides with the occurrence of increasing leakage current in the oxide. The two series resistance profiles shown in Figure 3 suggest that this decrease is approximately exponential. In general it is observed that Rseries approaches an asymptotic value. (This value is just below 100 ohms for both of the curves shown in Figure 3 .) This asymptote could be regarded as a characteristic value of R,,,ies for the test structure under consideration. However, it is attained well after the breakdown voltage has been reached and is not the value required for correcting Ebd.
In some cases, irregularities are observed in the series resistance profiles. These appear as zig-zags upon otherwise smoothly varying Rseries curves. One of the curves in Figure  3 shows this effect. Previous studies have associated these with charge trapping and the resulting degradation of the oxide [6] . This is the time-dependent effect in the series resistance that was referred to earlier.
VI. Summary and Canclusions
We have described a semi-automated method for analyzing IV data obtained from Vramp testing of dot capacitors. This method uses least-squares fitting to the FowlerNordheim model to determine the series resistance profile of the capacitor, and the corresponding correction to the oxide field at breakdown.
The profiles provide some insight into the nature of oxide breakdown. The forms and shapes of these profiles are reasonably consistent and provide at least three characteristic values of R,,,,,, that may be of significance in better understanding the oxide breakdown.
The value of R,,,,,, at breakdown is the most immediately useful of all, because it is used to correct the oxide field at breakdown. The asymptotic value of Rsene, is clearly important as a property of the post-breakdown phase. It has received the attention of at least one previous study [6] Finally, the maximum value of R,,,,,, is also an important property, but for the pre-breakdown phase. Numerous series resistance profiles suggest the possibility that attaining this value could serve as precursor to oxide breakdown. However, it is not apparent how this effect could be utilized outside the testing environment. This will be the topic of additional study.
